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hydrogenotrophic methanogenesis. The setup consisted of a granular reactor connected 23 to a separate chamber, where H 2 was injected. Different packing materials (rashig rings 24 and alumina ceramic sponge) were tested to increase gas-liquid mass transfer. This 25 aspect was optimized by liquid and gas recirculation and chamber configuration. It was 26 shown that by distributing H 2 through a metallic diffuser followed by ceramic sponge in 27 a separate chamber, having a volume of 25% of the reactor, and by applying a mild gas 28 recirculation, CO 2 content in the biogas dropped from 42 to 10% and the final biogas 29 was upgraded from 58 to 82% CH 4 content. where (L/(L-day)) is the H 2 gas-liquid mass transfer rate, 22.4 (L/mol) is the gas 63 volume to mole ratio (1 mol gas corresponds to 22.4 L at STP), (day -1 ) is the gas 64 transfer coefficient, 2 ℎ (mol/L) represent the H 2 concentration in the gas phase while chamber of both reactors to maximize the H 2 gas-liquid mass transfer rate in case of R1.
133
The volumetric H 2 flow rate was set to 4 times the CO 2 production rate (in the gas and VI different gas recirculation flow were applied. In order to evaluate the effect of 139 the gas retention time, the H 2 -injection chamber volume was doubled to 400 mL by 140 connecting two chambers in series (Period VII) or by assembling them as a single 141 chamber with extended length (Period VIII).
142
The percentage of H 2 utilized was calculated according to the following equation (2):
The percentage of CH 4 derived from the conversion of CO 2 and H 2 was calculated 144 according to the equation 3: period and particularly for R1 were at the lowest levels compared to the other periods 267 (Table 1 and Fig. 2b) . Therefore, we assume that ceramic sponge pores could have 268 retained undigested biomass particles with consequent decrease of CH 4 production.
269
In the last part of this period, in order to reduce the unutilized H 2 , the H 2 flow rate was Therefore, in period V, 4 mL/min gas recirculation (then increased to 6 mL/min, in 277 period VI) were applied to R1 improving the H 2 dissolution and thus significantly 278 increasing the CO 2 conversion. In fact, in these periods on average 87% of the H 2
279
injected was utilized leading to 37% higher CH 4 production rate (Table 2 and Fig. 3 ).
280
Nevertheless, an increase in the pH value to 8.2 was recorded as a result of the CO 2 281 removal (Table 2 and Fig. 2a) . The CH 4 content in the biogas markedly increased to 282 66% and the unutilized H 2 decreased to 14% (Table 2 and Fig. 1a) . To further decrease 283 the unutilized H 2 , at the end of the period the H 2 flow rate was reduced to 1.8 L/L.day
284
(corresponding to ~2.5 times the CO 2 production rate recorded in R2). Nevertheless, no 285 substantial difference in biogas composition and upgrading performances was recorded.
286
In previous studies, H 2 distribution in the reactor's liquid phase was optimized by the 287 application of gas recirculation flow rates ~4-folds higher than the input gas flow rate lower CH 4 production rate and VFA levels higher than 5 g/L observed in R1 from 293 period V (Table 2 , Fig. 2b and Fig. 3) . 
301
The connection of two chambers in series did not lead to a substantial improvement of 302 upgrading performances, indicating that chamber's volume itself has not a direct 303 correlation with H 2 distribution. Nevertheless, by assembling two chambers in a single 304 longer one, a higher H 2 percentage was utilized (94%) resulting in only 8% H 2 305 unutilized (Table 2 and Fig. 1a) . Therefore, CO 2 and CH 4 contents in the output biogas 306 dropped to 10% and increased to 81% (with a maximum of 82%) respectively (Table 2   307 and Fig. 1a) . However, in this period the pH raised to 8.4 as a consequence of the high 308 CO 2 conversion (Table2 and Fig. 2a) . The results clearly demonstrate the importance of 309 a proper reactor configuration design that increases the gas retention time leading to 310 more efficient H 2 distribution and CO 2 conversion to CH 4 .
311
Moreover, from the comparison of reactors CH 4 production rate, it was shown that, in 312 the upgrading reactor, on average the CH 4 produced from the conversion of CO 2
313
represented ~37% of the total recorded CH 4 production rate (Table 1 and 2 and Fig. 3) .
314
Finally, it should be mentioned that the lower CH 4 production and higher VFA levels 315 of control reactor observed in period VII were due to the disassembly of the separate 316 chamber in order to be mounted in the upgrading reactor (Table 2 and Fig. 2b and 3 ).
317
The CH 4 productivity and the VFA concentration of the control reactor were recovered 318 in period VIII. 
326
(application of gas recirculation). It was shown that the preferable methanogenic 327 pathway in both reactors (i.e. R1 and R2) was hydrogenotrophic ( Finally, it was found that the specific microbial activity for the degradation of glucose 346 was lower in period V compared to period IV. This could be possibly due to the 347 negative effect of gas recirculation on the granules as previously discussed in the 348 continuous reactor operation (Tables 1, 2 and 3) . 
Conclusions

351
The current research demonstrated the feasibility of in-situ biogas upgrading using an 
